Quantum physics has revolutionized our understanding of information processing and enables computational speed-ups that are unattainable using classical computers. This tutorial reviews the fundamental tools of photonic quantum information processing. The basics of theoretical quantum computing are presented and the quantum circuit model as well as measurement-based models of quantum computing are introduced. Furthermore, it is shown how these concepts can be implemented experimentally using photonic qubits, where information is encoded in the photons' polarization.
Introduction
Over the last decades, the omnipresence of computers has revolutionized our lives in the dawn of a new information age. At the same time, computers have grown smaller and faster due to the miniaturization of transistors-the most basic computational element. A celebrated empirical trend, known as Mooreʼs law, states that the number of transistors in a computer and thus its computing power doubles every two years. Obviously, this exponential growth cannot continue forever and at some point the basic building blocks of computers will reach a size where the laws of quantum physics become important. On the other hand, it has been realized that this seemingly-fundamental limitation opens up new possibilities for information processing and paves the way for a completely new kind of computing: the field of quantum computing.
Quantum computers are expected to play an important role in future information processing since they can outperform classical computers at many tasks. Their importance was realized as early as 1982 [1] when Feynman pointed out that they can simulate quantum systems, whose properties are too complex to be calculated with a classical computer. It was shown in the following decade that quantum computers are superior to classical computers in various tasks. One of the first algorithms to demonstrate an improvement over the classical analog was the Deutsch-Josza algorithm, which determines if a function is constant or balanced [2, 3] . While this algorithm has no direct application, it inspired the subsequent development of other algorithms like Shorʼs algorithm and Groverʼs algorithm which both provide a practical benefit. Shorʼs factoring algorithm facilitates the factorization of large numbers into their prime factors in polynomial time on a quantum computer [4] , and Groverʼs algorithm enables searching in an unordered list with a quadratic speed-up compared to the classical case [5] . Recently, another quantum algorithm was invented which solves certain systems of linear equations with exponential speed-up compared to a classical computer [6, 7] .
This tutorial aims for introducing the basic principles of quantum computing and their application in experiments with photonic systems. Photons allow the encoding of information in various degrees of freedom; here, we will mainly focus on polarization. Polarization-encoded systems are well-suited for quantum computing due to their low decoherence and the simple realization of single-qubit gates. The challenge in photonic quantum computing is the realization of two-qubit gates, which are necessary for universal quantum computing. While at first sight it seems that strong optical nonlinearities are required for realization of those gates, it was shown in 2001 that efficient quantum computing is possible using only linear optics, single-photon sources and detectors [8] .
Outline
The tuturial is structured as follows. In section 3 the basic principles of theoretical quantum computing are presented. The quantum circuit model is introduced, where a computation is performed by a quantum circuit acting on quantum states. In section 4, measurement-based models of quantum computing are presented, where quantum information is processed by sequences of adaptive measurements. The one-way quantum computer, a special type of measurement-based quantum computer, is introduced, and it is shown that single-qubit measurements on highly-entangled resource states perform quantum computation. Further, it is presented how this concept can be applied to implement secure delegated quantum computations, a recently discovered feature of quantum computers. In section 5, the fundamental principles of photonic quantum computing are presented and it is shown how single-qubit and multi-qubit gates can be implemented experimentally using polarization-encoded systems. Furthermore, it is shown, how single photons can be generated experimentally. The section is concluded with an example of a photonic quantum computing experiment and it is shown how the introduced concepts can be applied in experiments. Finally, this tutorial ends with a conclusion and an outlook in section 6.
Quantum computing
This first section briefly reviews the basic elements of quantum computing. The fundamental units-the qubits-and the basic building blocks of a quantum computer-the quantum gatesare introduced. Furthermore, the circuit model, the most prominent circuit model of quantum computing, is introduced.
Classical bit versus quantum bits
The fundamental unit of a classical computer is a bit which can take binary values: zero or one. Quantum bits (qubits) are the quantum-mechanical analog of classical binary bits and can take infinitely many values. These qubits are quantummechanical states, which in experiments are represented by states of atoms, photons, nuclei, etc. A qubit can be described as a superposition of basis states, | 〉 0 and | 〉 1 :
where α, β are complex numbers and α β + =1 2 2 . The states | 〉 0 and | 〉 1 create an orthonormal basis of a Hilbert space and are often called computational-basis states [9] .
Whereas it is possible to determine the state of a classical bit in one single measurement, a measurement in quantum mechanics gives a specific result only with a certain probability. If a measurement on the state ψ | 〉 is performed, the outcome zero is obtained with the probability α 2 and the result is one with the probability β 2 . After the measurement, the qubit is in the state | 〉 0 or | 〉 1 , depending on the outcome [10] .
3.1.1. Representation on the Bloch sphere. The state ψ | 〉 can be represented geometrically on a unit sphere in three dimensions (see figure 1) , called the Bloch sphere [11] . For this, the state ψ | 〉 can be rewritten in the following form: If the qubits are written in a vector notation: States of multiple qubits can be described using the same formalism. For two qubits, a set of four possible basis states is given by: . Similar to the single-qubit case, a measurement gives a result (00, 01, 10, or 11) with certain probability, α 2 , β 2 , γ 2 , or δ 2 . However, a simple analog of the Bloch-sphere representation for multiple qubits is not known.
Two-qubit states that cannot be separated or be written as a product of two single-qubit state are called entangled [12] :
An important set of entangled two-qubit states are the maximally-entangled Bell-states [13] [14] [15] :
These show strict correlations or anti-correlations and also form an orthonormal basis. A general multi-qubit state, describing n qubits, can also be expressed in terms of state vectors: An alternate way to describe quantum states is with the density matrix formalism [16] . If a quantum system is in a state ψ | 〉 i with probability p i , its density operator (or density matrix) is defined as:
A quantum state is pure if p i = 1 for only one i and all other p j , ≠ j i, are equal to zero. Whereas the state-vector formalism of the previous sections describes only pure states, i.e. systems that are with certainty in a state ψ | 〉 i , density matrices can also represent mixed states.
General properties of the density operator are:
• ρ is trace-preserving: ρ = Tr ( ) 1, • ρ is positive semidefinite: ρ ⩾ 0 (meaning that the eigenvalues are non-negative), and
For completely mixed states, the density matrix becomes
This representation is not unique, meaning that different mixtures can lead to the same density matrix.
Mixed states of a single qubit can also be represented on the Bloch sphere as each density matrix can be rewritten as follows:
The Bloch vector ⃗ r can be calculated from [12, 17] . In experiments, these properties are very useful for quantitatively verifying the quality of a quantum state.
A useful mean for the discrimination of pure and mixed state is the purity P which is defined via [18, 19] :
where Tr is the trace. P = 1 for pure states and P < 1 for mixed states. For a totally mixed state of dimension d, the purity is given by 1/d. The fidelity F of a general quantum state ρ determines how close that state is to a desired state. For a pure state ψ | 〉 it is defined via:
The fidelity of two mixed states ρ and ρ is given by [20] :
Another way to quantify the mixedness of a quantum state is the measure of entropy which determines how much information is present when compared to the possible maximum [16] . The von Neumann entropy of a quantum state ρ is defined by:
where λ i are the eigenvalues of ρ. The von Neumann entropy is zero for a pure state and equal to d log ( ) 2 for a totally mixed state of dimension d.
For experiments, a more useful form is the linear entropy which can be calculated directly from the density matrix without the necessity of any diagonalization. It is directly related to the purity of a quantum state and obtained from the von Neumann entropy by approximating the logarithm with the first-order term of its Taylor expansion. The linear entropy is defined via
and its values range from zero (pure state) to one (totally mixed state) [18, 19] . The density matrix can also be used to quantify the amount of entanglement of a state. One measure which is often used in experiments is the concurrence [21, 22] . The concurrence of a density matrix ρ of a two-qubit system is defined by:
where λ i are the eigenvalues of the matrix ρρ in decreasing order with and ρ* being the complex conjugate of ρ.
The two-tangle τ, where τ = C 2 , is another value commonly used to characterize density matrices obtained experimentally [23] .
The circuit model of quantum computation
The main components of a classical computer are the memory and the processor. Binary logic gates are carried out on classical bits; which and how many gates are used depends on the underlying program [9, 24] . In quantum physics, information is stored in the qubit and quantum logic gates acting on qubits can process the information, similar to classical information processing: (3:25) A comparison of the efficiency of both concepts shows that N input qubits can store 2 N (classical) amplitude coefficients. Information can thus be stored and obtained much more efficiently in a quantum circuit than in a classical circuit. The basic building blocks of a quantum circuit, single-qubit and two-qubit gates, are described in the next paragraph. As will be shown, only a few different types of gates or basic building blocks are necessary to build a universal quantum computer, meaning that it can be programmed to perform any computational task. 
In the circuit formalism, this transformation is depicted as [25, 26] :
The gate changes the amplitude coefficients, which can be seen when the transformation is written in form of a matrix:
The unitarity of the transformation follows from the fact that the norm must be preserved:
From this it follows that all quantum gates are reversible [9, 24] .
Important single-qubit gates in quantum computation are the Pauli operators σ , x σ , y and σ z . Beyond that, there are three major gates, that are often used in quantum computing. The Hadamard gate H turns basis states into superposition states and vice versa:
A phase gate or S gate adds a phase of π/2 to the computational basis state | 〉 1 : 
For example, the Hadamard gate can be created out of two different rotations, first a rotation of π about the z-axis, followed by a rotation of π/2 about the y-axis.
3.2.2. Multi-qubit gates and controlled operations. Multiqubit gates take multiple qubits as input and perform operations on them. In the circuit formalism, this is depicted as [26] :
The operation can be conditioned on the state of one or more qubits. These qubits are called control qubits in contrast to the qubits on which the operation is performed, the target qubits. For example, a two-qubit controlled unitary operation (CU) applies a unitary operation U on the target qubit if the control is in the state | 〉 1 :
Important two-qubit gates for quantum computing are the controlled-NOT gate (CNOT or CX) and the controlled-phase gate (CPhase or CZ). Acting on two input qubits | 〉 i and | 〉 j , ( ∈ i j , 0, 1), the CNOT gate performs the following operation:
where ⊕ is the binary addition. Thus, the state of the target qubit is changed from | 〉 0 to | 〉 1 (or vice versa) if the control qubit is in the state | 〉 1 . In a quantum circuit, the CNOT gate is depicted by the symbol:
The CPhase gate also acts on two input qubits | 〉 i , | 〉 j and performs the transformation: Arbitrary multi-qubit gates can be generated by a universal set of single-and multi-qubit gates. A widely-used set of gates consists of the CNOT gate, the Hadamard gate and the π/8 gate. Using only these three gates, any computation can be realized. In more detail: any unitary operation can be approximated to arbitrary accuracy using only these gates [9, 24, [26] [27] [28] [29] . Here, also other nontrivial phase gates can in principle be used instead of the π/8 gate. Another universal set of gates is, for example, the set of all single-qubit gates, together with a CNOT gate. This statement has particular importance to experimental efforts. If this gate set can be physically implemented and the gates arbitrarily concatenated, it will thereby be possible to physically realize any unitary transformation.
Measurement-based models
In the circuit model, which is described in the previous section, quantum information is processed by applying quantum gates, which realize a coherent unitary evolution [30] . In contrast, in measurement-based models, quantum information is processed by sequences of adaptive measurements [31, 32] . Among measurement-based models there are two different approaches: the teleportation-based model [33] , which is based on Bell-pairs and two-qubit measurements, and the one-way model which consists of highly-entangled multi-particle states and single-qubit measurements. Both models are equivalent [34] ; it can be shown that they are conceptually closely related and rely on the same primitives [34] [35] [36] [37] [38] . In general, measurement-based quantum computing (MBQC) is related to different fields of physics, for example entanglement theory, topology, graph theory, and mathematical logic [39] .
Teleportation-based quantum computing
The teleportation-based model uses teleportation [33, 40] as a way to realize unitary transformations. Historically, the field started with the invention of the Gottesman-Chuang teleportation trick, described below. This trick lead to the invention of a variety of teleportation-based concepts. Furthermore, it is the basis of a landmark paper in the field of photonic quantum computing which shows that limitations in photonic quantum computing due to missing interactions in photonic systems can be overcome [8] .
4.1.1. Quantum teleportation. The aim of quantum teleportation is to send a quantum state α | 〉 from A (Alice) to B (Bob), where A and B can be far apart, and Alice is only allowed to transmit classical information to Bob [33, 40] . Furthermore, Alice does neither know the quantum state, nor can she determine it since she holds only a single copy. Teleportation enables Alice to send the state α | 〉 to Bob, by utilizing an entangled photon pair and classical communication. The basic principle of quantum teleportation is depicted in figure 2 .
It is important to note that quantum teleportation does not allow faster-than-light communication. The teleportation protocol requires Alice to send classical information to Bob. This process is clearly limited by the speed of light.
In more detail, the quantum circuits that accomplishes the teleportation of a state α | 〉 is the following:
Here, the double lines carry classical bits and the box 'Bell' represents a Bell-state measurement, which determines the values of a and b:
The measurement symbol on the right of this circuit denotes a measurement in the computational basis. If the qubits are found to be in the state | 〉 + | 〉 ( 00 11 ) 2 , then the output is a = b = 0 (for the state | 〉 + | 〉 ( 01 01 ) 2 , it is a = 1, b = 0; for the state | 〉 − | 〉 ( 00 11 ) 2 : a = 0, b = 1; and for the state | 〉 − | 〉 ( 01 01 ) 2 : a = b = 1). These classical outputs determine whether additional Pauli gates need to be applied to the teleported state (the unitary U in figure 2 ) in order to obtain the state α | 〉.
4.1.2. The Gottesman-Chuang teleportation trick. In 1999, Gottesman and Chuang published a 'teleportation' trick which enables universal quantum computation using only single-qubit operations, Bell-basis measurements and entangled states as resources [41] . Their scheme-also known as teleporting a state 'through' a unitary operationis a generalization of quantum teleportation and reduces the required resources [41] . Instead of directly applying a gate to a state, that state is teleported using a modified resource as compared to the original teleportation protocol [33, 40] . In more detail, an operation U can either be applied to a state α | 〉, or that state α | 〉 can be teleported using the modified Bell state
as a resource, which leads to the same output up to local Pauli corrections. The following circuit shows a state α | 〉 which is first teleported (dashed box, describes in the previous section) and then experiences a unitary gate U:
This is equivalent to the following circuit, where the unitary operation is absorbed in the entangled resource state:
For example, the unitary U could be a Hadamard gate and instead of applying this gate directly to the state α | 〉, one teleports α | 〉 using a modified resource
The advantages of this method are obvious: instead of performing operations on unknown states, it is just necessary to construct known states as offline resources. The operation U could be a logic gate that is difficult to implement, but the creation of the resource state might be much easier. Furthermore, it is no longer necessary to perform probabilistic gates. The advantage of this teleportation trick becomes even more obvious in the case of multi-qubit gates like the CNOT gate. Applying the gate to two qubits α β | 〉| 〉 is equivalent to absorbing it in the preparation of the resource state. If the state α β | 〉| 〉 is first teleported and then the CNOT gate is applied, after implementing corrections dependent on the Bell measurement outcome, we obtain:
This is again equivalent to the following circuit, where the CNOT gate is absorbed in the resources and which leads to the same output state CNOT α β | 〉| 〉:
The resource state CNOT ϕ ϕ | 〉| 〉 + + can for example be created out of two three-qubit Greenberger-Horne-Zeilinger (GHZ) states; where an n-qubit GHZ state is an entangled quantum state of the form
n n . The Gottesman-Chuang scheme was very important for the invention of teleportation-based concepts and for the development of quantum computing with linear optics since their requirements-GHZ states, Bell measurements, teleportation, and single-qubit measurements-are easily realizable in optical experiments.
4.1.3. The Knill-Laflamme-Milburn (KLM) scheme. In their seminal paper in 2001, KLM showed that efficient quantum computation is possible using only beam splitters, phase shifters, single-photon sources and photo-detectors [8] .
For many years, it was strongly believed that quantum computing with only linear optics is not possible due to the missing interaction between photonic qubits and the resulting lack of entangling gates. KLM revolutionized linear-optics quantum computing (LOQC) by developing an efficient scheme based on the Gottesman-Chuang teleportation trick. They took advantage of the fact that there is a hidden nonlinearity in the photon detection process and transferred this nonlinearity to the qubits via measurements to enable universal computing.
In their paper [8] , they first show that non-deterministic quantum computation is possible with linear optics. For this demonstration, they use dual-rail encoded qubits, where the information is stored in the photon number of an optical mode. They show that a non-deterministic sign change, dependent on the photon number, is possible:
Their gate-the so-called NS gate-just requires photon counters that are able to count the number of photons in one mode. Applying the NS gate twice, they can achieve an entangling gate-a conditional sign flip-with a success probability of 1/16 through projective measurements. Figure 3 shows the basic principle of the NS gate and how to use it in order to achieve a conditional sign flip. A detailed description of the NS gate and the KLM scheme in general can be found in [42] or in [43] . By using a generalized, near-deterministic form of teleportation and by applying the Gottesman-Chuang teleportation trick, they further show that this success probability can be increased to n 2 /(n + 1) 2 with 2n ancilla qubits. Here, it is important to note that a complete Bell state measurement is impossible for photonic qubits encoded in one degree of freedom (see [44] for Bell-state measurements using hyperentanglement and [45] for a review on Bell-state measurements). This is the reason for the use of the 2n ancilla qubits, which enable near-deterministic teleportation. Thus, an arbitrarily high success probability is possible at the cost of ancillary resources-the more ancilla qubits, the higher the success-which makes the scheme quite resource-intensive. Their final and main result, robust LOQC being possible with polynomial resources, provides practical scalability of photonic quantum computing experiments [46] .
Often, the KLM model of quantum computing is referred to as the photonic quantum circuit model. However, a closer look reveals that although the KLM model superficially resembles the circuit model, it is still a measurement-based scheme [47] . The KLM scheme is based on entangled ancilla photon pairs and thus provides entanglement from the very beginning. The photons do not interact as in standard circuit models, but the interaction is created via the application of a teleportation-based scheme. Consequently, the KLM scheme for quantum computing is a truly teleportation-based and thus a measurement-based scheme.
One-way quantum computer
The basis of the one-way quantum computer is a highlyentangled resource state. Single-qubit measurements on that state enable the processing of quantum information [30] [31] [32] . The computational power of the one-way model is strongly related to the properties of the underlying resource state. It is required that every possible quantum state can be created out of the resource state just by single-qubit measurements. Since single-qubit measurements cannot create entanglement, also entanglement must be included in the resource state itself. Possible resource states for this task are graph states in the form of different two-dimensional (2D) lattices [48, 49] .
Graph states.
A graph state is a multi-qubit quantum state which can be represented by a mathematical graph G(V, E) with vertices V and edges E. The vertices of a graph state correspond to the physical qubits whereas the edges indicate an entangling operation between the qubits.
Mathematically, a graph state can be described in the stabilizer language, which was invented by Gottesman [43, 49, 50] . For every vertex a of a graph, an operator S a can be defined: 
The resource state for the one-way quantum computer is special kind of graph state, known as cluster state, where the underlying graph forms a 2D lattice. A graph or cluster state can be created by preparing a qubit in the | + 〉 state for each vertex and using CPhase gates to entangle each pair of qubits which should be connected by an edge as nearest neighbors (see figure 4) .
The choice of nearest-neighbor two-qubit interactions defines the structure of the cluster state, which determines the basic type of quantum circuit it can implement. Different graph states and cluster states are shown in figure 5 . Certain families of cluster states (combined with single-qubit measurements and feed-forward) comprise a set of resources sufficient for universal quantum computing.
One-way computation.
A computation in the one-way model is described by a sequence of consecutive single-qubit measurements and a feed-forward protocol. The basic principle of one-way computation is depicted in figure 6 .
Measuring a qubit of a one-dimensional cluster state in the basis:
has the effect of applying the single-qubit rotation
on an encoded qubit in the cluster up to a Hadamard operation. . The phase shift has been applied successfully to the upper mode, if one and zero photons have been registered in the ancilliary mode, respectively. (c) The NS gate can be used to implement a conditional phase shift. Two qubits are encoded into four spatial modes, 1, 2, 3 and 4, respectively. If modes 1 and 3 both contain a photon, | 〉 11 13 , the state after the beam splitter will be | 〉 + | 〉 02 02 13 13 and the NS gates will add a phase of '−1' to that state. After the second beam splitter, the state will then be −| 〉 11 13 . If no or only one photon enter the modes 1 and 3, no phase shift will be applied.
Measuring a qubit in the computational basis | 〉 0 or | 〉 1 disconnects the qubits from the cluster and deletes all affected edges.
In the case where the outcome is found to be zero, the computation is correct, however if the outcome is found to be one, a Pauli error is introduced. This error is corrected by applying a feed-forward mechanism that compensates for the known errors by adapting further measurement angles [51] .
In the following, I will describe in more detail how a measurement on an entangled state leads to a computation; the derivation follows [52] . Starting with a simple teleportation circuit, an input state ϕ − |+〉 R ( ) z is teleported to the output up to a local Pauli correction [52] :
The CNOT gate can be transformed to a CPhase gate applying the relation
Additionally, the rotation ϕ − R ( ) z can be implemented within the circuit and all Hadamard gates can be absorbed in the measurement basis or the target input qubit, which leads to the following circuit: and HR z (ϕ) H = R x (ϕ), the Euler angles can be rewritten in terms of single-qubit rotations R z :
In order to obtain such a general rotation, single-qubit teleportations can simply be concatenated:
The output state is equal to 
where the Pauli corrections were commuted through all rotations to the left. The dependency of the measurement bases on previous measurement outcomes also defines a temporal direction of the computation. Up to now, only one-dimensional cluster states were introduced, which can still be simulated efficiently classically [53] . For universal quantum computing, 2D cluster states and two-qubit gates such as the CPhase gate are necessary. These CPhase gates can be implemented via vertical lines in the cluster state. This can be illustrated with the following circuit where an entangled input state CPhase ψ ψ | 〉| ′〉 is teleported up to local Pauli corrections combining two single-qubit teleportation circuits (here, the entangling CPhase gate is shown in the dashed box as part of the circuit): This circuit prepares a cluster state (dashed box), the horseshoe cluster state shown in figure 5(e) , by applying CPhase gates to qubits in a state | + 〉. Subsequent measurements, specifically in the | + 〉 ϕ basis (| + 〉 ϕ′ basis) for the upper (lower) qubit, perform a computation on these encoded qubits. The remaining qubits are in the output state:
This confirms that the vertical lines in cluster states lead to the generation of entangling gates on the encoded qubits. If the underlying cluster state is large enough, any possible quantum computation can be performed. The local complementation procedure is a simple graph transformation rule which utilizes a local Clifford operation on a quantum state to effect a transformation of its associated graph [49, 54, 55] . A Clifford operation maps a Pauli operator to the same or another Pauli operator; or, in other words, the Clifford group consists of all unitary operators which map the Pauli group to the Pauli group under conjugation.
A transformed graph or, more precisely, the local complement of a graph G at a vertex a, τ a (G), can be obtained by complementing the neighborhood N a of a; the neighborhood N a of a consists of all vertices which are connected to a [49] :
In other words, all edges between the vertices of the neighborhood of a vertex a are erased; if there are unconnected vertices, new edges are created between them (see figure 7) .
The corresponding action on the graph state is described by the local complementation rule: a graph state τ
is obtained by local complementation of a graph G at a vertex a:
The transformation
is defined by:
Here, the operator 
Comparison of the different quantum computing models
At first sight, the teleportation-based model and the one-way quantum computer seem to be very different models of quantum computing. Figure 8 provides a schematic overview of both models and their characteristics [35-37, 47, 57] .
Teleportation-based quantum computation, which arose from the ideas of Gottesman and Chuang [41] and KLM [8] , relies on teleportation using bipartite entangled pairs and twoqubit measurements. In some aspects, it is similar to the standard circuit model: interactions are required during the performance of the algorithm, and no actions are performed unless a non-identity gate is applied. This is different from the one-way quantum computer [31, 32] where no quantum interactions are required after the preparation of the multi-partite entangled resource (the cluster state). The cluster state itself is independent of the computation, which is performed by single-qubit measurements on the cluster state. The one-way model also presents a paradigm shift in the theory of quantum computing since it is the only model which clearly separates the quantum and the classical parts of a computation.
However, both models are measurement-based models and it can be shown that the underlying principle is one-bit teleportation [37] . In this framework, deterministic quantum computations can be performed up to local Pauli corrections [36] . Both models have the same efficiency and are polynomial-time equivalent to the circuit model [32] , solving the same class of problems.
There exist not only pure teleportation-based or one-way models, but also a variety of schemes which combine properties of both. These hybrid models were mostly invented to overcome the enormous resource requirements of the original methods [43, [58] [59] [60] [61] [62] [63] .
An application: blind quantum computing (BQC)
Recently, a new application of MBQC was invented [64] . It was shown that quantum computers [1, [3] [4] [5] , besides offering substantial computational speedups, are also expected to preserve the privacy of a computation [64] [65] [66] [67] [68] [69] as manifested in the BQC protocol [64] .
This security is a new aspect of quantum computers which enables a client to delegate a quantum computation to a server such that the userʼs data and the whole computation remain perfectly private (see figure 9) . The quantum server performs calculations, but has no means to find out what it is doing-it knows neither the input nor the output of the computation and cannot infer what is actually being calculated. Remarkably, the only quantum power that is required from the client is the preparation of single qubits and their transmission to the server.
The BQC protocol [64] is in detail explained in figure 10 and uses the concept of one-way quantum computing [30-32, 72, 73] .
Reference [70] shows the implementation of an optimized version of the original protocol [64] using photonic qubits. Photons are ideally suited for BQC as they provide the natural choice as quantum information carrier for the client and enable quantum computing for the server. Further, it was shown, that the concept of BQC allows testing if a quantum computation was performed correctly [74] , which has also been demonstrated experimentally [7] .
Optical quantum information processing
Experimental implementations of quantum computing have been realized in many systems including photons [46, 51, 70, [75] [76] [77] [78] [79] , ions [80] [81] [82] [83] [84] [85] [86] [87] [88] , atoms [89] [90] [91] , nuclear magnetic resonance [92] [93] [94] [95] , superconducting systems [96] [97] [98] [99] [100] [101] [102] [103] , and solid state systems [104] [105] [106] . Each system displays very particular advantages. Photonic qubits are especially well-suited for quantum information processing as they show low decoherence and can be easily transmitted over large distances. Furthermore, photonic states can be manipulated with very high precision and photonic systems are among the fastest systems available for quantum information processing [43, 107, 108] .
All those properties make photons ideal carriers of information and have led to a variety of photonic experiments ranging from quantum computing, quantum simulation, and quantum communication to the foundations of quantum mechanics [108, 109] .
Photonic qubits and quantum gates
There are different ways to encode information in photonic qubits, for example path or polarization [107, 108] . Here, we focus on the polarization degree of freedom, where a photonic qubit can be defined as:
where | 〉 H denotes horizontal polarization and | 〉 V denotes vertical polarization.
A convenient way to treat polarization states is the Jones formalism-a matrix formalism describing polarization by a 2D polarization vector ⃗ J [110] :
where a H and a V denote the amplitude of the wave vector in the horizontal and vertical direction, respectively, and ϕ H and ϕ V denote the corresponding phases. Operations on states can be represented by the Jones matrices, M:
where ⃗ ′ J is the vector obtained when M acts on the state ⃗ J . This vector definition is consistent with the definition of qubits given in section 3 and the Jones matrices can be seen as being equivalent to single-qubit gates. Experimentally, the polarization of light can be manipulated with phase retarders or 'wave plates' [111] . These uniaxial, birefringent crystals introduce a polarizationdependent phase shift. Combining multiple wave plates facilitates the realization of every possible single-qubit gate on polarization-encoded qubits.
When light travels through a wave plate, it experiences different refractive indices for its ordinary (o) and extraordinary (e) components. The extraordinary polarization lies parallel to the plane which is spanned by the optical axis and the ⃗ k vector of the pump beam, whereas the ordinary polarization is perpendicular to that plane. Thus, each component travels with a different velocity (see figure 11) .
After passing through the plate, the two perpendicular polarizations have acquired a difference in phase that is given by:
where λ is the wavelength, d the thickness of the crystal, and n e and n o the refractive indices for the extraordinarily and ordinarily polarized components. Wave plates are commonly produced from quartz or calcite, although wave plates made from other birefringent materials including magnesium fluoride, sapphire, and some polymers are also available. The difference of the two refractive indices n e and n o can either be positive or negative, depending on the material. The axis along which the phase velocity is fastest is called the fast axis, whereas the axis along which the phase velocity is slowest is called the slow axis.
If the fast axis of a wave plate is oriented horizontally, the phase shift can be described by the following matrix [111] : If the fast axis of the wave plate is oriented along at an arbitrary angle θ with respect to the horizontal axis, the transformation matrix can be determined by applying rotation matrices R(θ): with θ θ θ θ θ = − R ( ) (cos ( ), sin ( ); sin ( ), cos ( )). Note that the angle θ is a physical rotation in the laboratory, not to be confused with a logical rotation on the Bloch sphere.
Half-wave plates (HWPs) and quarter-wave plates (QWPs) are special cases of phase retarders which are particularly useful in implementing photonic single-qubit gates. A half-wave plate has a thickness such that the phase retardance is ϕ = π. It can be described by the matrix (overall phases, which are important only for certain interference experiments and not for the implementation of quantum logic gates, have been omitted in all calculations presented here): (2 ) sin (2 ) cos (2 ) , (5.8)
where, again, overall phases are omitted. For θ = 0 the HWP implements a Z-gate, for θ = π/4 it is an X-gate, whereas for θ = π/8 it represents a Hadamard gate. The HWP can thus be used to convert linearly polarized light into other linear polarization states. This allows the manipulation of polarization-encoded quantum states, e.g. a HWP can turn the states | 〉 0 and | 〉 1 into the states | + 〉 and |−〉 and vice versa. A QWP implements a phase shift of ϕ = π/2 and can mathematically be described via:
For θ equal to zero, a QWP adds a phase of (−i) to the vertical component, whereas for θ = π/2, the phase shift is equal to (+i). QWPs can create circularly polarized light from linearly polarized light and are able to turn, for example, the states | + 〉 and |−〉 into the states | + 〉 i and |− 〉 i and vice versa. In contrast to HWPs, the orientation (i.e. vertical or horizontal fast axis) of a QWP has an effect on the polarization, and this must be considered in experiments. Any general unitary transformation U can be achieved by using a combination of HWPs and QWPs. In many cases, a HWP is sandwiched between two QWPs which enables arbitrary transformations of the polarization [112] .
Beam splitters and polarizing beam splitters (PBS)
Although photonic quantum systems do not allow for direct interactions, the implementation of photonic two-qubit gates is still possible using concepts like the KLM approach. Beam splitters, PBSs, and the Hong-Ou-Mandel (HOM) effect Figure 9 . Given the challenges inherent in physically realizing a quantum computer, it is conceivable that, in the future, quantum computing capabilities may be limited to a few specialized facilities around the world. Similar to classical cloud computing, users might then interact remotely with quantum computers and delegate their computations.
[113] play a crucial role in experimental implementations of these concepts.
Beam splitters.
A beam splitter is a semi-reflective mirror which splits an incident beam into two parts: a transmitted part and a reflected part (see figure 12(a) ).
If a 1 and b 1 are input modes of a beam splitter, the state of the output modes a 2 and b 2 can be calculated using the following relations [52, 114, 115] : Figure 10 . Scheme of BQC [64, 70] . A nearly-classical client with limited computational power can delegate a computation to a quantum server with the full power of quantum computing such that the input, the output and the whole computation remain perfectly private. To this end, the client prepares single-qubits in a state θ
, where θ j is chosen uniformly at random from the set {0, π/4, …,7π/4 }. The qubits are then sent to the server who entangles them to a blind cluster state by applying CPhase gates. Although the cluster state changes with the underlying qubits, it can be used for any computation. The actual computation is measurement-based and performed by applying a pattern of consecutive adaptive single-qubit measurements. The client calculates measurement instructions δ j which are sent to the server. These depend on the measurement angle ϕ j that the client wants to hide, the phase of the blind qubit θ j , and a random bitflip π r j . These classical measurement angles are set in such a way to compensate for the initial random rotation θ j and any other Pauli byproducts [51, 71] produced by previous measurements. The server now holds qubits and measurement instructions, but does neither know the state of the qubit, θ | 〉 j , nor the measurement angle ϕ j . The server then performs measurements in the basis | ± 〉 = | 〉 ± | 〉 , which obey the relation T + R = 1. The phase shift ϕ between the reflected and the transmitted modes ensures the unitarity of the beam splitter operation [114] and is defined by the physical properties of the beam splitter; i.e. the coating of the mirror. Interestingly, if ϕ 1 (ϕ 2 ) is the phase shift between the transmitted and the reflected mode for a photon entering from mode a 1 (b 1 ), unitarity requires that ϕ 1 + ϕ 2 be equal to π [114] .
A symmetric beam splitter which splits the light equally into the two output modes (θ = π/4), and which acts symmetrically on the two input ports (ϕ = 0) is defined by:
The beam splitters used in experiments are manufactured to show a behavior close to that of an ideal symmetric beam splitter, but given the difficulty of constructing a perfect beam splitter it may be necessary to add additional phases to equation (5.13) to achieve a full description of an actual experimental situation [52, 116] .
Polarizing beam splitters and measurements.
A PBS splits a beam depending on its polarizations, usually separating an input beam into two modes with orthogonal polarization. Light that is vertically polarized is reflected, whereas horizontally polarized light is transmitted through a PBS (see figure 12(b) ). PBSs can be used for the analysis of a polarization state. Combined with HWPs and QWPs, they facilitate measurements in each possible direction on the Bloch sphere.
In experiments, measurements of σ x , σ y , and σ z are particularly interesting as may be used to reconstruct density matrices [17] which contain the full information about the underlying quantum state. The relevant settings for measurements in these bases using polarization-encoded qubits and a configuration of QWPs and HWPs (see figure 12(c) ) are given in table 1.
5.2.3. The HOM effect. The HOM effect is a two-photon interference effect that occurs when two indistinguishable photons enter a beam splitter from two input ports [113] (see figure 12(d) ). The effect is purely quantum and does not occur in classical optics. Mathematically, two photons entering a symmetric beam splitter can be described by their respective creation operators a 1 † , b 1 † acting on the vacuum state | 〉| 〉 0 0 (for the description of the HOM effect, we use the photon number basis, where | 〉 n represents a state containing n photons). Applying the relations that were introduced in the previous section, we obtain:
where normalization factors were omitted. The two photons exit the BS either both in the output mode a 2 or both in the output mode b 2 ; they never split up and exit in different output modes.
It is important to note that the HOM effect is not the interference of two photons ('that meet at a beam splitter'), but the interference of the respective two-photon amplitudes occurring in the detectors. Interestingly it was shown that the photons do not even have to arrive at the beam splitter at the same time in order to interfere [117] .
The HOM effect also occurs in PBSs if the information about the polarization (and thus the which-path information) is extinguished. In experiments this can achieved with PBSs and measurements in the basis | + 〉 |−〉 { , } [43] .
Multi-qubit gates
One of the main advantages of photonic systems is their very low decoherence. Even if photonic states are transmitted over large distances [118] [119] [120] , the quantum states remain mostly unaffected. On the other hand, the low decoherence rate seems, at first sight, to prevent the implementation of multiqubit gates since the photons do not interact with each other. Figure 11 . Working principle of a wave plate. This example shows a beam passing through a half-wave plate with an optical axis long the vertical direction. When traveling through the wave plate, the extraordinary and the ordinary polarization components experience different refractive indicices, n e and n o , due to the birefringence of the material. Thus, the two polarization components have two different phase velocities; in this example the optical axis defines the slow axis. After passing the wave plate, the two different polarization components have acquired a phase shift of π, which effectively leads to a polarization rotation of 90°.
There are mainly two different approaches to overcome this problem in photonic quantum information processing: concepts along the line of KLM [8] using ancilla photons and postselection to provide measurement-induced nonlinearities, and concepts using optical nonlinearities [121] . In this section 1 will briefly introduce these approaches and outline the major advantages as well as disadvantages.
5.3.1. Photonic CNOT and CPhase gates. To illustrate the working principle of most linear-optics two-qubit gates, I will briefly review two examples. The CPhase gate, which is shown in figure 13(a) , consists of a polarization-dependent beam splitter (PDBS) which has a different transmission coefficient for horizontally polarized light (T = 1) as for vertically polarized light (T = 1/3) [122] . If two vertically-polarized photons are reflected at this PDBS, they acquire a phase shift of π. Two successive PDBSs with the opposite splitting ratios then equalize the output amplitudes. The gate operation has been successful if one photon exists in each of the output modes.
Whereas the experimental implementation of this gate is relatively easy, its scalability is very limited. Since a destructive photon measurement is necessary to verify the correct operation of the gate, the state of the photons is destroyed which makes the realization of a subsequent gate impossible.
In contrast, the CNOT gate shown in figure 13(b) is scalable, but requires an entangled ancilla photon pair as resource [58, 123] . If two photons are registered in the ancilla modes, the gate has been successful without the need for a verification of the output state. Thus, it is possible to use these gates in succession.
However, applying this type of gate to photons generated from a down-conversion source (a probabilistic source for the generation of single photons, see section 5.4 for details) is still challenging since higher-order emissions can lead to incorrect gate operations. If a double-pair emission enters the gate input, it can split into all four output modes even if no ancilla photons are present. These events have the same generation probability as the correct events, but lead to an incorrect gate operation. This issue can be solved using heralded photon pairs where a signal announces the presence of entangled photons in the right modes. The generation of heralded entangled photon pairs can also be realized by using only linear optics [124, 125] .
Both gates presented here resemble the circuit model, but a closer look reveals that they are actually based on measurements-either by postselecting the output states or by measurements of ancilla photons. Thus, these examples demonstrate the necessity of measurements in photonic quantum computing and indicate that a pure circuit model cannot be realized using only linear optics. if two indistinguishable photons enter a beam splitter, they will both exit one or the other port and will never split up into two different ports. Table 1 . This table shows the measurement settings for the measurements of σ x , σ y , and σ z . A half-wave and a quarter-wave plate are combined with a PBS as shown in figure 12(c) .
Basis QWP setting HWP setting
measurements on cluster states [30] . For photonic systems, the generation of cluster states requires entangling operations and thus relies on postselection techniques. This means that measurements are necessary for the creation of cluster states, but the same measurements also implement the computation in MBQC. In other words, in photonic systems, the measurements which are necessary for the processing of quantum information arise naturally from the creation of photonic cluster states. Thus, despite the high propagation speed of photons and the lack of multi-photon interaction, photonic systems are well-suited for MBQC [51, 70, 76, 126] . Section 5.5 shows an example of how cluster states can be implemented experimentally.
Optical nonlinearities for entangling gates.
Another approach to realize photonic quantum computing is to use optical nonlinearities for the implementation of (nearly) deterministic two-qubit gates.
For example, Kerr-nonlinearities can induce photonphoton interactions [52] and enable a phase shift in one mode depending on the number of photons in another mode. Another type of nonlinear entangling gate is based on the Zeno effect [127, 128] where failure events in two-qubit gate operations are suppressed by continuous two-photon absorptions.
One of the main challenges in such experiments is that the available materials provide only small nonlinearities and, so far, only lead to relatively small phase shifts [129] . Nevertheless, the application of theses schemes may significantly reduce the number of required ancillary photons and thus significantly improve the scalability of photonic quantum computing.
Generation of entangled photons
The workhorse of almost all photonic quantum computing experiments is spontaneous parametric down-conversion (SPDC)-a process where a pump photon is converted into two daughter photons in a nonlinear crystal. The selection of photons with a particular frequency and spatial emission can facilitate the availability of polarization-entangled photon pairs. In the following, I will describe the process in more detail and explain how multi-photon states can be created.
5.4.1. SPDC. SPDC occurs when laser light interacts with a nonlinear crystal such as β-barium borate (BBO) [130] . When an electromagnetic field interacts with a nonlinear medium, the dielectric polarization P generated in the medium shows a nonlinear dependency on the electric field:
, , ,
where χ m is the susceptibility of order m, E i denotes the electric field and double indices indicate a sum [131] . The first term (χ 1 ≈ 1) describes linear effects such as diffraction, and refraction and the third term (χ 3 ≈ 10 −17
) is very small and describes four-wave mixing processes.
Of interest here is the second term (χ 2 ≈ 10 −10
), which leads to three-wave mixing processes like SPDC. If two waves, ω E t cos ( ) 1 1 and ω E t cos ( ) 2 2 interact with a nonlinear medium, this second term can be rewritten in the following form: Figure 13 . Sketch of two photonic entangling gates. The CPhase gate (a) uses polarization-dependent beam splitters and requires a measurement of the output modes to verify the correct operation of the gate. The CNOT gate (b) requires an entangled ancilla photon-pair and a measurement of two ancilla modes to herald that the gate has worked correctly. Thus, the CPhase gate is limited in scalability since a measurement destroys the quantum state and does not allow for a subsequent gate operation. Figure adapted from [122] and [58] .
showing that sum-frequency (ω 1 + ω 2 ) and difference-frequency (ω 1 − ω 2 ) waves are generated. SPDC is the reverse configuration: a pump field with a wavelength ω = ω 1 + ω 2 creates two new fields with frequencies ω 1 and ω 2 , called signal and idler [111, 132] . Two different types of SPDC are distinguished: both created photons can either have the same polarization which is orthogonal to the polarization of the pump laser (type-I), or both photons have orthogonal polarizations (type-II); in the following, we will focus on type-II SPDC.
The down-converted photons show correlations in frequency as well as momentum:
Only certain propagation directions ⃗ k are possible for the photons due to the phase matching conditions in the nonlinear crystal. For the degenerate case, where ω e = ω o , the emission direction of the created photons is along the surface of cones (see figure 14) , where one cone has extraordinary polarization and the other ordinary. For our experiments, this corresponds to vertically and to horizontally polarized light, respectively.
For certain incidence angles of the pump beam, these cones intersect ( figure 14) . Photons emitted into the directions of the lines of intersection can therefore not be assigned to one of the cones. If one photon is emitted into the direction of one of the intersections, the other one must be in the other intersection line due to momentum conservation. These photons are entangled in polarization (figure 14) with a state given by:
The ordinarily and the extraordinarily polarized photons experience different refractive indices, n o and n e , in the crystal. Thus, firstly, the propagation velocities are different for both components (longitudinal walk-off effect) and secondly, both photons experience a spatial displacement (transversal walk-off effect). These two effects may lead to a distinguishability of the photons and, as a consequence, to the annihilation of the entanglement. For the generation of properly entangled pairs, it is therefore very important to take into account both effects (for details, see figure 15 ).
Quantum-mechanical treatment.
In order to fully characterize the down-conversion process, a quantum mechanical treatment is necessary. The following interaction Hamiltonian describes the process in terms of the creation and annihilation operators, a † and a:
where the coupling constant γ depends on the nonlinearity χ 2 . The first term expresses the down-conversion process, where one pump photon (a p ) creates two down-converted photons (a 1 † and a 2 † ). The second term describes the opposite process where under annihilation of two photons (a 1 and a 2 ), a photon is created (a p † ). In the case of type-II SPDC, the output state can be written as follows [133] :
where Z is a normalization constant and α is a parameter depending on χ 2 and on the pump power. The creation operators a H † (b V † ) describe the generation of a horizontally (vertically) polarized photon in mode a (b) and act on the vacuum state | 〉 0 . Expanding the exponential function leads to:
The first term (1) corresponds to the generation of a twophoton Bell state with a probability ≃Z 2 α 2 . The higher orders represent multi-photon emissions, where a four-photon emission (2) is generated with a probability ≃Z . The probabilities to create multi-photon states are low compared to the two-photon case and depend polynomially on the pump power.
Continuous-wave (cw) lasers with typical powers of about 50 mW lead primarily to the emission of two-photon states, since the power is too low to create substantial multiphoton emissions. The high-pump powers necessary to obtain multi-photon events can be achieved with pulsed lasers having sufficiently high peak powers for the generation of higher-order photon states (see next section).
However, increasing the pump power also affects the quality of the states, because the noise terms emerging from the next-order emissions are also increased. The signal-tonoise ratio depends on the parameter α and in this way on the pump power:
This noise is intrinsic to all SPDC sources: the higher the pump power, the higher the effect of the noise. In experiments it is therefore necessary to find the right balance between a pump power that is high enough to create the desired emission and one which is, on the other hand, low enough to minimize the noise.
5.4.3. Pulsed SPDC. Photonic quantum information processing requires the coherent generation of multi-photon states. These can be created by pumping a SPDC source with a pulsed laser, where the pulse length is on the order of hundreds of femtoseconds. Pulsed lasers reduce the uncertainty of the emission time for a given down-converted pair [134] and fulfill a necessary condition for coherent higher-order emissions: the variance in emission time, which is determined by the duration of the pump pulse, must be smaller than the coherence time of the down-converted photons [134] [135] [136] [137] .
On the other hand, pulsed lasers have the disadvantage that the properties of down-converted photon pairs are different from those generated by a cw pump. A pulsed pump contains a broad range of frequencies; the shorter the pulse length, the broader the spectral bandwidth [138] . This leads to down-converted photons which are no longer exactly anticorrelated in frequency since they do not required to fulfill a constant frequency sum (as in equation (5.21)). Furthermore, the spectra of the ordinary and extraordinary photons are no longer identical [134] . In the temporal domain, a pulsed pump leads to a reduced coherence time of the downconverted photons as their bandwidth increases.
These effects make the down-converted photons distinguishable and decrease the visibility in the two-photon interference [137] . The use of narrowband filters and a spectral postselection can recover the indistinguishability and improve the two-photon interference visibilities at the cost of reduced count rates.
Example: experimental generation of blind cluster states
In section 4.4, we introduced the concept of BQC. In order to show how the experimental concepts presented in this section are used in actual experiments, we will now outline how blind cluster states can be generated experimentally.
Blind quantum computing starts with the generation of blind qubits that are entangled to blind cluster states [64, 70] . Standard cluster states have already been generated in a range of experiments [138, 139] . Blind cluster states are a generalization of those in which the underlying qubits exhibit arbitrary phases θ j . They are created by entangling qubits in states θ Applying a CPhase gate between qubits 1-2, 2-3 and 3-4 creates a linear cluster state: where θ = n n ( , ) . In the following, it will be shown how the state of equation (5.29) can be generated in an experiment. However, it should be stressed that this implementation is just one example how this state can be generated and other implementations are also possible.
The experimental setup for the generation of a blind cluster state in shown in figure 16 . It consists of a SPDC source, which is pumped in two directions, called the forward and the backward direction, respectively. The blind cluster state is composed of four terms, which correspond to different four-photon emissions. These are achieved by pumping the BBO crystal with a pulsed laser system at a high laser power (200 fs pulses at a repetition rate of 76 MHz at 394.5 nm). A four-photon emission can be obtained experimentally either by an emission of two entangled pairs, one in the forward and one in the backward mode, or by double-pair emissions into respective modes. As is shown below, the generation of blind cluster states exploits coherent superpositions of these different four-pair contributions and utilizes the properties of the PBSs as well as post-selection to obtain the appropriate state.
In the following, the equations are written in terms of state vectors for the sake of clarity. However, the derivation of these equations should be performed in terms of creation operators to obtain the correct results. Here, I will neglect mathematical rigor for the benefit of an intuitive understanding and also omit the normalization factors.
In order to create a blind cluster state, the experiment is aligned such that pairs in a state
ab ab ab i The emission of only one entangled pair in the forward direction (a, b) and only one pair in the backward direction (c, Figure 14 . View of a parametric down-conversion process where the down-converted photon pairs are emitted along the surfaces of cones. For the degenerate case, where ω e = ω o , the opening angles of both cones are equal and the setup can be aligned such that the cones intersect as depicted. Photons emitted into the direction of the intersection lines are polarization-entangled, since it cannot be distinguished to which cone they belong. In the same way, the emission of two photon pairs in the forward modes (a, b) can be calculated: In the experiment, the phase of the term
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is then shifted by π by applying an additional rotation using a HWP, which has the desired effect [76] . 
LT hese Hadamard gates can be implemented in the experiment by two additional HWPs; alternatively, they may be absorbed in the measurement basis which leads to a simple reinterpretation of the data. Note that after the PBSs two quarterwave plates were inserted in modes 3 and 4 to compensate for birefringence effects and additional phases.
By changing the phases of the entangled pairs, the values of θ 2 and θ 3 in the blind cluster state can be manipulated arbitrarily, for example using a combination of additional • with a HWP, which exchanges the position of the ordinary and extraordinary photons. If both photons subsequently pass a compensation crystal with a thickness that is half that of the first crystal, the arrival time no longer contains information about the polarization. (b) Transversal walk-off effect. The ordinary and extraordinary photons have different propagation directions in the crystal due to polarization-dependent refractive indices of the crystal. Together with the extraordinary polarization of the pump, this leads to a broadening of the ordinary beam which needs to be counteracted if this broadening is larger than the beam waist. Again, by interchanging both polarizations and letting the two beams pass through a compensation crystal, the effect can be compensated.
QWPs and HWPs in the forward mode [112] : This example of a photonic experiment shows how the basic concepts of photonic quantum information processing can be used to generate cluster states. These cluster states allow performing various blind delegated computations, including one-and two-qubit gates and the Deutsch and Grover quantum algorithms [70] . Further, it was shown, that the concept of BQC allows testing if a quantum computation was performed correctly [74] , which was also demonstrated experimentally [7] .
Conclusion and outlook
In order to develop scalable LOQC experiments, several steps will have to be taken in the future. Different technical challenges need to be overcome and, in short, more efficient methods for the creation, interaction and detection of single photons must be developed.
Firstly, the standard process of creating entangled photons, SPDC, works probabilistically and with low efficiency. The heralded generation of entangled photon pairs can be realized [124, 125] , but the actual rates are still low.
Additionally, the quality of multi-photon states generated in a SPDC process are intrinsically limited due to noise caused by higher-order emissions. Therefore, the development of a high-efficiency push-button source which produces single-photons or multi-photons states on-demand is crucial. Promising candidates for this task are semiconductor quantum dots [140] [141] [142] [143] [144] [145] [146] , atoms or ions [147] [148] [149] [150] , superconducting qubits [151] , and nitrogen-vacancy centers [152] [153] [154] [155] .
Secondly, the development of efficient photonic twoqubit gates is of great importance. Although it has been shown that quantum computing is possible with only linear optics and photon detection, in practice these schemes become inefficient due to an enormous amount of required ancilla photons [8] . In order to overcome these challenges, the advancement and utilization of optical nonlinearities [52, 129] on the one hand, and the development of schemes which enable photon-photon interactions on the other hand [127, 128] , are crucial tasks. Furthermore, the future of photonic quantum information processing might lie in integrated optics which enable a higher stability and better implementation of quantum circuits while at the same time reducing photon losses [156] [157] [158] . So far, these setups use path encoded qubits with only a few modes and are thus still limited in their complexity. In the future, also using the polarization degrees of freedom in integrated optics might enable the implementation of much more complex circuits. Efforts are currently underway to realize integrated sources where the photons are directly generated in a waveguide [159] [160] [161] . The ultimate aim for the future is to integrate photon generation, processing and detection on a single photonic chip.
Thirdly, current experiments are limited by the low detection efficiencies of avalanche photodiodes which are widely-used in photonic quantum computing experiments. Much higher detection efficiencies can be obtained by employing superconducting transition-edge detectors or superconducting nano-wire detectors [162] [163] [164] [165] [166] [167] . While poor time resolution of the former impedes their application in pulsed multi-photon experiments, the latter are ideally suited for this task.
Furthermore, it will be interesting to see in general in the future which physical system will prevail [168] . One forwardlooking concept might be the development of hybrid systems combining the advantages of photons, in particular the low decoherence, with the advantages of other quantum systems which enable multi-qubit interactions [169, 170] . For these hybrid systems, the development of interfaces between the different physical systems, for example between optical and microwave photons [171] [172] [173] [174] , or the mapping of photonic states to atomic states is a crucial task [91, [175] [176] [177] [178] [179] [180] [181] [182] [183] [184] .
Besides these technical advances, the future will also show which computational model is best-suited for Figure 16 . The experimental setup to produce and measure blind cluster states. The various blind cluster states are created by adjusting the settings of the half-wave plates, quarter-wave plates and BBO crystals located along the path of the state emitted into the forward (θ 3 ) and backward (θ 2 ) modes. experimental quantum computing. Also on the theoretical side approaches combining advantages of different models might be beneficial [61, 62] . Breaking through the boundaries of different fields, e.g. physics and computer science, might inspire future research.
